Abstract. An account is given of a pot experiment comprising all combinations of 5 heavy metals (cadmium, cobalt, lead, mercury and nickel), 3 rates of each metal (0,50 and 250 mg/pot), 2 rates of lime, and 3 types of soil (clay soil, peat soil, and sandy soil).
The heavy metal content in the crop is presented in Table 3 . Apart from lead, the relative content increases very heavily with increased metal application. The content at times proves essentially higher in the crop from peat soil and sandy soil than in crop from clay soil. The content of cadmium, nickel and cobalt is lower at heavy liming compared to light liming. This is particularly characteristic of the crop from clay soil and sandy soil. The effect of heavier liming on the mercury and lead uptake is equivocal. For nickel, the relative content is essentially higher in the grain than in straw. The content of other metals is higher in the straw. The lead content in particular is much higher in straw than in the grain.
In addition to the crop experiment, all treatments have included one parallel pot without plants. At the harvesting time, samples were taken from these pots for chemical analysis. The heavy metal content was determined after extraction by an AL-solution ( Table 1 shows that the lime rate applied in B is too low for the clay soil. It might be noted that by slight liming (A), the high rate of cadmium has raised the pH in all the series, while the high rate of nickel has reduced it. This relates to nearly all cases, whether compared to the control or to application of other metals.
The heavy metals cadmium, cobalt, lead, mercury and nickel have been separately applied at rates of 0, 50 and 250 mg per pot 1 ), respectively, combined with each of the two lime amounts. All heavy metals are applied in the form of chloride. In addition to the plant production experiment, an experiment pot without plants has been included in all treatments, from which soil samples will be taken for chemical analysis to elucidate how the bindings of the heavy metals alter with time in the various soil series.
Crop yields
The plant production experiment has been conducted in two parallels for each treatment, and harvested when the oats reached full ripeness. Yields of dry matter of grain and straw appear from Grain and straw have, on the whole, reacted identically to the experimental treatment, though certain exceptions occur. The main features of the effect of the metals on the crop yield are as follows:
The smallast amount of metal (50 mg per pot) has in most cases had no effect on the yield size. Mercury forms an exception in series VI where a slight yield reduction is found with both lime amounts. This corresponds well with the fact that mercury in large amounts has induced an almost total crop failure in the same series, and more severe damage than any other metal in any series. A slight reduction both in grain and straw by light liming in the same soil series after the low addition of nickel also indicates an approach to the tolerance limit of oats for this metal, seen in relation to the considerable reduction induced by the high rate of nickel. The high addition (250 mg per pot) has led to reduced crops for several metals:
Cadmium combined with heavy liming in series I (clay soil) has reduced the grain yield somewhat without affecting the straw yield. The reduction in straw yield in series V (peat soil) is, however, considerable at both degrees of liming, whereas the grain yield only shows slight reduction by heavy liming. The sandy soil shows no yield reduction after cadmium application. Nickel has induced heavy yield reduction of both grain and straw after light liming in all three series. Heavier liming has eliminated the detrimental effects completely in the series I and VI, while series V also shows some straw yield reduction after heavier liming. Mercury, as mentioned above, has induced an almost total yield failure in the sandy soil. The clay soil and sphagnum peat soil series have been far less affected, though some yield reduction appears here as well. Thus, both grain and straw yields have been reduced at both lime levels in sphagnum peat soil, while the clay soil only shows yield reduction at light liming. Lead has had no effect whatever on the yield size.
Cobalt has affected the various soil series in different ways. Series I shows considerable yield reduction. The grain yield is quite heavily reduced at both lime levels, and the straw yield is reduced at light liming. Series V shows only an indication of reduced grain yield, but an obviously reduced straw yield at both lime levels. Series VI only shows grain yield reduction at light liming.
Heavy metals in the crops
The contents of applied heavy metals have been determined for grain and straw separately at the Central Institute for Industrial Research, Oslo, under the supervision of Dr Gulbrand Lunde. Of the processes Lunde declares: »The ■content of cobalt, cadmium, nickel and lead was determined by atomic absorption spectrophotometer. A sample of 10-15 g was weighed and ashed in a
•quartz crucible, previously boiled in 6 N HCI, rinsed in destilled water and placed in a drying cabinet. The incineration was performed at 450°C for 12 hours. The evaporation of volatile compounds such as PbCl 2 thereby fails to be registered (Gorsuch, 1959) . The ash remainder was weighed and treated with 2.5 ml cone. HCI. In some cases this gave too low a lead recovery (10 20 % too low), and after some trials the method was modified. After the modified method the ash was boiled under reflux for 2 hours with 10 ml concentrated HNO s . This gave an adequate recovery of lead as well as other elements. In the cases where HCI was applied to dissolve the ash, both the filtrate and the undissolved fraction were subject to control analysis by emission spectrography.
HCI and HN0 3 extraction of the ash gave corresponding results for nickel and cobalt. Cobalt, cadmium, nickel and lead were directly determined in the solution by atomic absorption using a deuterium background corrector.
For mercury determination 0.2 g test material was treated by a HN0 3
T-HBr combustion. The mercury was then determined by flameless atomic absorption.» Table 3 shows the relative content of applied heavy metals in oats. Apart from lead, the relative content of metals in all soil series increases very heavily with increased metal application. At the high rate, the content in some cases increases several hundred times compared to the control. The content of the control varies somewhat within the different series. In the case of very low values these variations should be regarded with reservations. In certain cases, however, the variations are almost beyond doubt an expression of the capacity of different soil types for transferring heavy metals to the plants in a natural state. With regard to nickel, the content in the grain is notably higher in T a b l e series I than in series V. The content of cadmium is notably higher in series VI than in series I and V.
After the metal application the content in the yield from the different series varies considerably at times. Beyond doubt real variations occur. When estimating the relative content it is important to be aware of the fact that it may increase with the reduced yield caused by metal application. The extremely high content of mercury in straw in series VI at the high rate serves to illustrate this relation.
Clay soil shows lower relative contents than the other two soil types after all metal applications except lead. This appears reasonable in comparison with the sandy soil series, in view of the much higher cation exchange capacity of clay soil. When peat soil, which has a high cation exchange capacity, has produced plants of quite a high metal content in parts, allowance should be made for the fact that the density of peat soil is equivalent to only about 1/11 of that of clay soil and to about 1/17 of sandy soil. Peat soil therefore has correspondingly higher amounts of metals applied to it, calculated on weight basis, than have the mineral soils.
In the cases of cadmium, nickel and cobalt the relative content in the yield is practically without exception lower after heavy compared to light liming. This is evident even without metal application, after application the difference increases appreciably at times. Excluding the high rate of metal application, which in some cases has drastically affected the yield size, it appears that also after the low metal rate (50 mg per pot) the content in the yield may be strongly reduced by liming. The reductions are somewhat greater in the series I and VI than in series V. In the former series the reduction in cadmium thus reaches 60 -80 per cent, in nickel 80-90 per cent, while the cobalt content is reduced by 50-90 per cent. In series V, the reduction of the same metals at heavier liming is 15-20 per cent, 40 -5O per cent, and 30 per cent, respectively. The effect of heavy liming on the absorption of mercury and lead is equivocal. Numerous investigations have stated that a low pH increases the lead uptake in the plants as well as the risk of lead toxicity (Norsbers 1968 , Mac Lean 1969 , Warren 1970 . Page and Ganje (1972) found that no consistent trends occurred in the lead concentrations in leaves in relation to soil pH, but that increasing the pH decreased the lead in the roots of the plants. Andersson (1967) in his investigations of mercury found its adsorption in the soil depended on the pH, though with the distinction that adsorption in inorganic matter was highest between pH 7-B, while the adsorption in the case of organic matter shifted notably to the acid area. The relation between organic and inorganic matter in the soil should thus be decisive for the mercury uptake with regard to the pH value.
After heavy application, the increase of many elements is often found to be highest in the vegetative parts of the plant. Apart from nickel, the content of metals included in this investigation is practically without exception higher in the straw than in the grain, with or without metal addition. Without addition, lead shows the widest difference with 410 times the content in straw compared to grain. Hamar (1974) found a considerably higher lead content in the straw than in grain both in barley and oats in a pot experiment with the addition of sewage sludge. The same was noted by Nosbers (1968) of summer rye, and TSO et al. (1968) found a much higher level of lead in tobacco leaf than in the seed.
The distribution of nickel uptake shows a different pattern, with an essentially higher content in the grain than in the straw with nickel application as well as without it. In pot experiments with sewage sludge Sorteberg (1972) and Hamar (1974) found a relative amount several times higher in grain than in straw. Hamar also included barley, but found no such difference for that species. Nosbers (1968) found about twice the nickel content in grain as in straw in summer rye after considerable nickel addition, whereas approximately the reverse was the case in treatments without nickel application.
Soil analysis
At harvesting time soil samples were taken from the pots without plants. The amount extracted by the AL-solution may be expressed as relatively easily soluble metal, while the hydrochloric acid extraction also releases considerably more heavily soluble fractions.
Below is a list of various metal contents extracted by hydrochloric acid from the soil prior to treatment. The AL-soluble metal content has not been included, the content being too low to be determined with any reasonable degree of accuracy. The figures below refer to mg per kg air-dried soil. The present values lie within the range normally presented in the literature for contents in unpolluted soil.
With regard to cadmium, Bowen (1966) presents a mean value content of 0.06 mg/kg (variation range 0.01 0.7), while Berrow and Webber (1972) regard 0.1 mg/kg a normal content level. The nickel content in soil is set (Bowen 1966) at 40 mg/kg soil mean value (10-1 000). Sauchelly (1969) , however, regards 10-40 mg as normal.
Similar contents (5.5 38.6 mg/kg) are also given by Scharrer (1955) There is a wide difference in the content of AL-soluble metal fraction within the metals, the amount of metal added, and the soil type. Practically no added mercury has been recovered after the low addition. This applies to all soil types. In series V (peat soil) only traces of the added metal have been recovered even after a high rate of mercury. In series I (clay soil) and series VI (sandy soil), amounts equivalent to approximately I-2 per cent of the added metal have been recovered as AL-soluble. The highest amount of AL-soluble mercury has been recovered from the sandy soil, the soil type which almost completely failed in crop production (with repeated crop failure also in 1974). The recovery of only a few milligrammes per pot as AL-soluble should however, be seen in relation to the metal uptake of the plants, which in no case has exceeded 0.3 mg Hg per pot.
Of the added lead only a portion has been recovered as AL-soluble. At the maximum application, an amount ranging from slightly above 10 to barely 20 per cent has been recovered, the lowest recovery being found in clay soil.
Comparing peat soil with sandy soil, the former soil type has about 15 times the cation exchange capacity but only about 1/17 of the density of sandy soil.
Alternately one or the other of these soil types show a higher amount of easily soluble metals, although with the specification that peat soil shows essentially higher amounts of easily soluble cobalt at the high added rate than does sandy soil. The figures deriving from the soil analysis offer no explanation of the distinct, though moderate crop reductions following a heavy cobalt application, most apparent in clay soil.
Of cadmium and nickel, from 20 to approximately 60 per cent of the low addition of the metal has been recovered as AL-soluble. At the high rate application, an amount in excess of 40 to approximately 100 per cent (sandy soil) As mentioned above, the plant uptake of cadmium, nickel and cobalt has been notably reduced by heavy liming. The AL-soluble amounts of the same metals in soil also vary with liming. In peat soil, only a slight reduction has been found for all three metals after increased liming. The AL-soluble fractions of the same metals are, however, in general severely reduced after heavy liming in clay soil and sandy soil. In the case of nickel, clay soil and sandy soil gave yield sizes corresponding with the AL-soluble fraction (noticeably higher yields and less AL-soluble nickel in the soil after heavy liming compared to light liming). In peat soil, however, the yield size corresponds more closely with the obviously reduced plant uptake after heavy liming, than with the content of AL-soluble metals in the soil.
Retarded growth and symptoms of toxicity Some of the metals have in one or more series induced considerable growth retardment and yield reduction at the high rate of metal addition (250 mg per pot). On occasions, definite symptoms of toxicity have been evident, particularly from well past germination to about the tillering stage. 
